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INTRODUCTION
Bacillus species are rod-shaped, aerobic or facultative anaerobic, Gram-positive bacteria that produce robust endospores, which facilitate their survival in various habitats such as soil, aquatic environments, food, plants and digestive tracts of animals and insects (Nicholson 2002) . They have great potential in various biotechnological and biopharmaceutical applications due to their ability to produce an extensive range of antimicrobial compounds including bacteriocins and lipopeptide antibiotics (Stein 2005; Cochrane and Vederas 2016; Daas et al. 2017) . In an era where there is an increasing threat posed by bacterial resistance to conventional antibiotics, Bacillus spp. could serve as potential sources of alternative antibiotic compounds (Cochrane and Vederas 2016) .
Bacteriocins are ribosomally synthesized peptide antibiotics that are produced by bacteria to kill competing bacteria. Next to lactic acid bacteria (LAB), the Bacillus genus is considered as the second most important producer of bacteriocins (Abriouel et al. 2011) . There is an increasing interest in Bacillus spp. because several strains have been shown to exhibit broader inhibition spectra than LAB (Abriouel et al. 2011) . LAB are mostly active against Gram-positive bacteria, while several Bacillus strains were shown to inhibit both Gram-positive and Gram-negative bacteria, as well as fungal pathogens. The broader inhibition spectra of Bacillus spp. can be attributed to the production of metabolites aside from bacteriocins, among which are antimicrobial lipopeptides. The known classes of Bacillus lipopeptides include polymyxins, octapeptins, polypeptins, surfactins, fengycins and iturins (Cochrane and Vederas 2016) . Aside from acting as antimicrobial agents, Bacillus lipopeptides could serve as biosurfactants. Their biodegradability and low toxicity render them as promising alternatives to synthetic surfactants (Angelini et al. 2009) .
In this study, we report a new Bacillus strain, Bacillus amyloliquefaciens subspecies plantarum F11, which was isolated from Algerian salty lake and was found to produce compounds that are active against both Gram-positive and Gram-negative bacteria, as well as fungi. We present the draft genome of the strain, which revealed the presence of gene clusters of a number of biosurfactants and bioactive metabolites. Furthermore, we describe the purification of fengycin lipopeptides through a series of activity-guided hydrophobic interaction chromatographic techniques coupled with mass spectrometry.
MATERIALS AND METHODS

Preliminary strain identification
Water samples were collected from a salty lake in Ain BaidaOuargla, Algeria. The samples were serially diluted with sterile water, thermally shocked at 80
• C for 30 min, spread onto Luria Bertani (LB) agar (1% agar w/v), and incubated at 37
• C for 24
h. Single colony isolates were obtained using successive streak plating. Preliminary identification of strain F11 was performed using the Analytical Profile Index (API) 20 NE and 50 CHB test kits (BioMérieux, Marcy l'Etoile, France), according to the manufacturer's instructions. The strain was maintained in 20% glycerol at -80
Genomic DNA isolation
Total nucleic acid was isolated from a combination of colonies of the pure culture on LB agar and biomass from liquid culture in LB broth grown for 16 h at 37
• C (160 rpm). DNA was extracted using the method described previously (Rosana, Chamot and Owttrim 2012) with some modifications. Briefly, cells were resuspended in 100 μL of 50 mM Tris (pH 7.5) and treated with lysozyme (20 mg mL −1 , 37
• C for 30 min), followed by proteinase K (2 mg mL −1 ,
56
• C for 30 min), and RNase A (0.5 mg mL −1 , 37
• C for 30 min).
Cells were lysed in 500 μL cell breakage buffer (0.4% sodium dodecyl sulfate, 0.5% N-lauroyl sarcosine, 0.5% Triton X-100, 50 mM Tris, 100 mM EDTA, pH 8.0) and 400 μL phenol using glass beads (0.5 mm diameter, Sartorius, Germany). The slurry was vortexed for 1 min and rested for 1 min on ice, for a total of 10 cycles. It was then clarified at 13 000× g for 5 min. The aqueous layer was repeatedly extracted with equal volumes of phenol, followed by phenol:chloroform (1:1), and chloroform:isoamyl alcohol (24:1).
The DNA was precipitated with 0.1 × 3M sodium acetate (pH 5.2) and 2.5× absolute ethanol, washed with 70% ethanol, and resuspended in 10 mM Tris buffer (pH 8.0). Quality and quantity were assessed using agarose gel electrophoresis and Qubit 2.0 fluorometry (Qiagen, Mississauga, ON, Canada), respectively.
Genome sequencing, annotation and analysis
Whole-genome sequencing was done at The Applied Genomic Core (TAGC), Department of Biochemistry, University of Alberta (Edmonton, AB, Canada). The sequencing library was prepared using the Nextera XT DNA library preparation kit (Illumina Inc., San Diego, CA, USA (Table S1 , Supporting Information). The draft genome sequence of B. amyloliquefaciens ssp. plantarum F11 was annotated using three platforms, namely, the Joint Genome Institute-Integrated Microbial Genomes and Microbiomes (JGI-IMG/M) annotation pipeline (Markowitz et al. 2014) , the Rapid Annotation using Subsystem Technology (RAST) server (Aziz et al. 2008) and the Prokaryotic Genome Annotation Pipeline (PGAP) (http://www.ncbi.nlm.nih.gov/genome/annotation prok). The PGAP-and JGI-IMG/M-annotated genomes were deposited to DDBJ/ENA/GenBank under accession numbers MSTO00000000 and Ga0180326, respectively. Whole-genome sequences of reference strains (Table S1 , Supporting Information) were also annotated using RAST v2.0 (Aziz et al. 2008) .
To determine the core genome, which refers to the set of genes present in all these strains, gene-clustering analysis was performed using the Bacterial Pan Genome Analysis tool v1.3.0 (Chaudhari, Gupta and Dutta 2016) . A 30% amino acid sequence identity cut-off was used. Nucleotide sequences from each of the 1313 core gene clusters were then aligned using Clustal W v2.1 (Larkin et al. 2007) , and the alignments were concatenated, with positions with at least one gap stripped, using Geneious v8.1.8 (Kearse et al. 2012) . The resulting final alignment (1192 958 bp) was used to reconstruct a maximum-likelihood phylogenetic tree with RAxML v8.2.8 (Stamatakis 2014) using the GTR (general time reversible) nucleotide substitution matrix and gamma model of rate heterogeneity. Robustness of branching was estimated with 100 bootstrap replicates. Bacillus cereus ATCC 14580 and B. anthracis Ames served as outgroup. These two species were selected based on their basal position within the genus Bacillus in our initial tree analysis, with Clostridium botulinum A ATCC 3502 (GenBank accession number AM412317) as outgroup (data not shown). To align and visually compare whole genomes, the CGView Comparison Tool (Grant, Arantes and Stothard 2012) , which employs BLASTP (Altschul et al. 1990) , was used to construct a Basic Local Alignment Search Tool (BLAST) atlas. The B. amyloliquefaciens DSM 23117 genome was used as reference. The antiSMASH (antibiotics & Secondary Metabolite Analysis Shell) server v4.0.2 (Weber et al. 2015) and BAGEL (bacteriocin genome mining tool) (Luo et al. 2017) were used to predict bioactive secondary metabolites and bacteriocins, respectively, that are encoded in the assembled draft genome of B. amyloliquefaciens ssp. plantarum F11.
Transmission electron microscopy
Cells were prepared for transmission electron microscopy (TEM) as described previously (Rosana et al. 2016 ) but with some modifications. Fixed cells were stained with 1% osmium tetroxide followed by sequential dehydration using increasing ethanol concentration, ethanol:Spurr resin mixture, and finally in Spurr resin matrix. Ultramicrosections were prepared using a Reichert-Jung Ultra Cut E microtome, supported in nickel-coated grids, and stained sequentially with a solution containing uranyl acetate and lead citrate. Stained sections were viewed using a Morgagni 268 TEM (Philips, FEI, Hillsboro, OR, USA) equipped with a GatanOrius CCD camera, and analyzed with Morgagni 268 v3.0 software. A negative staining TEM was performed on unfixed cells to analyze surface structures (e.g., flagellation). Experimental details are described in the Supplementary Information S6. Endospore staining was performed as reported by Schaeffer and Fulton (1993) .
Biosurfactant and emulsifying assays
The emulsifying activity of B. amyloliquefaciens ssp. plantarum F11 that was grown in LB broth at 27
• C (200 rpm) was evaluated using the emulsification index, drop collapse assay and oil displacement assay. For the determination of the emulsification index, 2 mL mineral oil was added to 2 mL of bacterial culture, and the mixture was shaken vigorously for 2 min. The emulsification index was calculated as the percentage of the height of the emulsified layer divided by the total height of the liquid column (Das, Das and Mukherjee 1998) . The emulsified solutions were allowed to stand at room temperature, and the emulsification index was calculated at different time points to assess the emulsion stability (Kebbouche-Gana et al. 2013) . For the drop collapse method, 2 μL of mineral oil was loaded into a 96-well microtiter plate, and 5 μL of bacterial suspension was added onto the oil surface (Bodour and Miller-Maier 1998) . The shape of the cell suspension was visually inspected after 1 min. Flat droplets were indicative of the presence of biosurfactants (Youssef et al. 2004) . Bacterial suspensions that were grown at increasing time points (2-80 h) were used for the abovementioned assay. Aliquots from the same bacterial cultures were centrifuged, and the supernatant was used for the oil displacement assay. For this assay, 20 μL mineral oil was placed on the surface of 50 mL sterile distilled water in a petri dish. Ten microliters of the culture supernatant was then carefully placed on the oil film surface. After 30 s, the diameter of the clear halo on the oil surface was measured. The size of the halo is a measure of surfactant activity (Morikawa, Hirata and Imanaka 2000) . 
Antibacterial activity assay
Isolation and purification of lipopeptides
Four liters of MH broth was inoculated with 10 mL B. amyloliquefaciens ssp. plantarum F11 overnight culture, and incubated at 27
• C with shaking (200 rpm) for 40 h. The culture was centrifuged (5000× g, 20 min), and the supernatant was subjected to a series of hydrophobic interaction chromatographic techniques. A spot-on-lawn assay was used to monitor active fractions from each purification step using S. enterica ssp. enterica serovar Typhimurium ATCC 23564 and C. divergens LV13 as indicator strains. Solvent controls were performed indicating that the solvents do not elicit antimicrobial activity. The culture supernatant was loaded into a column with 40 g activated Amberlite XAD-16 resin (Sigma-Aldrich, St. Louis, MO, USA), and washed with 250 mL each of water, 20% isopropanol (IPA), 40% IPA and 80% IPA with 0.1% trifluoroacetic acid (TFA) at a constant flow rate of 10 mL min −1 . The 80% IPA fraction was found to be the most active fraction, and was in turn concentrated under vacuum for further purification using a C 18 solid phase extraction (SPE) cartridge (Phenomenex, Torrance, CA, USA). The cartridge was activated with 50 mL methanol and 100 mL water prior to loading of the sample. After sample loading, the cartridge was washed with 50 mL each of 30% ethanol, 40% IPA and 80% IPA with 0.1% TFA at a flow rate of 3 mL min −1 . The last fraction was found to be the most active fraction, and was then subjected to reverse-phase high-performance liquid chromatography (RP-HPLC) using a Vydac C 18 column (5 μm particle size, 300Å, 4.6 × 250 mm) at 220 nm detection and 1 mL min −1 flow rate. Water (solvent A) and acetonitrile (solvent B) that were both acidified with 0.1% TFA were used as mobile phase. Solvent B was initially set at 20% for 5 min, increased to 55% for 30 min, and ramped up to 95% for 3 min. Active fractions were eluted at 33-35 min and were subjected to mass spectrometry analysis.
Mass spectrometry
The molecular masses and elemental compositions of the isolated lipopeptides were determined through liquid chromatography-mass spectrometry (LC-MS) using an Agilent 1200 SL HPLC unit and an Agilent 6220 accurate-mass time-offlight (TOF) LC-MS system (Santa Clara, CA, USA). Tandem mass spectrometry (MS/MS) was performed to confirm the amino acid sequence of the identified lipopeptides, specifically through matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) MS/MS and nano-LC MS/MS. MALDI-TOF MS/MS was done on an UltraflexXtreme mass spectrometer (Bruker Daltonics, Billerica, MA, USA). Nano-LC MS/MS analysis was performed using an RP-HPLC Easy-nLC II (Thermo Scientific, Waltham, MA, USA) system coupled to a Q-TOF premier mass spectrometer (Waters, Milford, MA). Details on these mass spectrometry experiments are presented in the Supplementary Information S7.
RESULTS AND DISCUSSION
Preliminary identification and genome features
A bacterial isolate, designated as strain F11, from a salty lake in Ain Baida-Ouargla, Algeria, was initially identified at the genus level as Bacillus sp. based on phenotypic characterization using the API 20 NE and API 50 CHB bacterial identification system (Table S2 , Supporting Information). This species was shown to be flagellated ( Fig 1A) and forms endospores (Fig 1B, inset) . Both phenotypes were later supported by the genome-encoded gene inventories for motility and sporulation. Whole-genome shotgun sequencing was consequently performed for strain F11, and the resulting statistics are summarized in Table S3 , Supporting Information. De novo assembly revealed a draft genome with a total size of 4016 659 bp and a G+C content of 46.18% in 17 contigs (>1400 bp). The assembled genome has high sequence coverage (511×) and an N 50 of 567 030 bp.
Comparative genomic analysis and species identification
Core genome phylogenetic analysis places F11 in the same clade as B. amyloliquefaciens ssp. plantarum DSM 23117, the type strain for this subspecies (Borriss et al. 2011) , which clusters separately from the clade containing B. amyloliquefaciens ssp. amyloliquefaciens DSM 7, the type strain for this subspecies (Borriss et al. 2011) (Fig. 2) . ANI and dDDH confirm the identity of strain F11 to be B. amyloliquefaciens ssp. plantarum, as indicated by values that were above the species cutoffs (95% and 70%, respectively) (Goris et al. 2007 ) against DSM 23117 (Table S4 , Supporting Information).
On the other hand, comparison of the F11 and DSM 7 genomes displayed low similarity, sharing only 94% ANI and 55% dDDH (Table S4 , Supporting Information). Furthermore, DSM 7, when compared against DSM 23117, exhibits values of only 94% ANI and 56% dDDH. This indicates that DSM 23117 and F11 likely belong to a different species than DSM 7, not merely another subspecies. DSM 7 keeps the name as it was designated as B. amyloliquefaciens before DSM 23117. Dunlap et al. (2016) determined that B. amyloliquefaciens ssp. plantarum is a later heterotypic synonym of B. velezensis (Fig. 2) . Incidentally, strain DSM 7 shares 99% ANI and 95% dDDH with B. subtilis ATCC 13952 (not a type strain for this species), suggesting that the latter was misidentified and is in fact a B. amyloliquefaciens ssp. amyloliquefaciens. Proper identification of our F11 strain was imperative to this study. Additionally, our work highlights the need to examine the reclassification of the plantarum and amyloliquefaciens subspecies into potentially two different species, which is an ongoing issue (Borriss et al. 2011; Dunlap et al. 2016; Fan et al. 2017) . Analysis of the B. amyloliquefaciens ssp. plantarum F11 draft genome for secondary metabolite production using the anti-SMASH server revealed that the strain carries genes involved in the production of antibacterial polyketides (macrolactin, bacillaene and difficidin), an iron-siderophore (bacillibactin), and an antibacterial dipeptide (bacilysin). Moreover, both antiSMASH and BAGEL predicted a gene cluster associated to a putative novel lanthipeptide. Lastly, biosynthetic machineries responsible for the production of cyclic lipopeptides surfactins, locil- system of '+' to '+++' correspond to partial to complete spreading of bacterial culture droplet on the oil film surface. Rounded drops were scored as negative '-', indicative of the lack of biosurfactant production.
lomycins and fengycins are also present. The genome of F11 and other B. amyloliquefaciens strains revealed the presence of the ∼37.7 kb fengycin biosynthetic gene cluster (Fig. 3A) , consistent with our antiSMASH findings. Strains of the plantarum subspecies show an overall relatively high similarity (90%) to the published fengycin cluster of DSM 23117 (Fig. 3B) . On the other hand, DSM7 and ATCC 13952 (B. amyloliquefaciens ssp. amyloliquefaciens) show lower similarity (50%-60%) against the DSM 23117 reference fengycin gene cluster (Fig. 3B ).
Biosurfactant and emulsifying activities
The biodegradability and lower toxicity of natural biosurfactants render them as appealing alternatives to synthetic surfaceactive compounds (Singh and Cameotra 2004) . The potential of B. amyloliquefaciens ssp. plantarum F11 to produce biosurfactants was assessed based on its emulsification index, as well as the results of drop collapse and oil displacement assays. The emulsification index of B. amyloliquefaciens ssp. plantarum F11, calculated at different time points, revealed that the strain exhibits high emulsifying activity, with a maximum emulsification index of 81% during the mid-stationary growth phase at 50 h of bacterial growth at 27
• C with shaking at 200 rpm (Fig. S1 , Supporting Information). The formation of a stable emulsion is indicative of the presence of biosurfactants (Krepsky et al. 2007; de Oliveira et al. 2013) . This was further supported by both the drop collapse and oil displacement assays. The drop collapse assay showed a flat bacterial culture droplet on the mineral oil film surface after 40 h of cultivation (Table 1) . For the oil displacement assay, the maximum clearing zone of 2.2 cm was observed after 50 h of bacterial growth (Table 1) .
Antibacterial and antifungal activities
Bacillus amyloliquefaciens strains have been reported to produce various antibacterial and antifungal compounds (Ongena and Jacques 2008; Zhao et al. 2017) . For instance, B. amyloliquefaciens RC-2 was shown to be an effective antagonistic agent against the fungal mulberry anthracnose pathogen, Colletotrichum dematium, due to the secretion of iturin lipopeptides (Hiradate et al. 2002) . Halimi et al. 2010 ).
More recently, B. amyloliquefaciens RX7 was reported to produce the novel broad-spectrum RX7 bacteriocin (Lim et al. 2016) . Herein, we report that metabolites produced by B. amyloliquefaciens ssp. plantarum F11 have potent activity against both Gram-positive and Gram-negative bacteria, as well as various fungal species. Spot-on-lawn assays showed that the culture supernatant of B. amyloliquefaciens ssp. plantarum F11 exhibits strong antagonistic activity against C. divergens LV13 (Fig. 1C) and L. lactis ssp. cremoris HP, and moderate activity against E. faecalis 710C, suggesting that the metabolites of strain F11 have a broad-spectrum bactericidal activity against Gram-positive bacteria. Similarly, these metabolites showed antibacterial activity against several Gram-negative bacteria such as the auxotrophic enteric E. coli JM109, the emerging infectious enteric pathogen S. enterica ssp. enterica serovar Typhimurium ATCC 23564 (Fig 1D) , and the opportunistic pathogen P. aeruginosa ATCC 14217. The antibacterial activity of F11 metabolites against these Grampositive and Gram-negative bacteria suggests the potential protective applications of these metabolites in food preservation and medical therapeutics. Furthermore, plate diffusion assay revealed that B. amyloliquefaciens ssp. plantarum F11 exhibits significant antifungal activity against the common fungal pathogens C. albicans ATCC 10231, A. niger ATCC 9142 and G. geotrichum MUCL 28959. Altogether, the observed broad-spectrum of activity of B. amyloliquefaciens F11 can be attributed to the production of a mixture of bioactive compounds as indicated in its genome.
Identification of antimicrobial lipopeptides by mass spectrometry
To further investigate the compounds responsible for the activity of B. amyloliquefaciens ssp. plantarum F11, a largescale fermentation was performed and the culture supernatant was sequentially purified using Amberlite XAD-16 resin column chromatography, C 18 SPE purification, and RP-HPLC. SPE fractionation revealed that the 80% IPA-0.1% TFA fraction was the most active fraction against both the Gram-negative (S. enterica ssp. enterica serovar Typhimurium ATCC 23564) and Gram-positive (C. divergens LV13) indicator strains (Fig. 1C and D (Table 2) . Through MALDI-TOF MS/MS sequencing, the peaks at 1435.8 and 1449.8 m/z were found to correspond to fengycin A lipopeptides with C 14 and C 15 saturated lipid tails, respectively ( Fig. 4C-E 
, except at position 6, which could either be an Ala or Val (Ongena and Jacques 2008) . In turn, fengycins are classified as fengycin A or fengycin B for homologs with Ala or Val at position 6, respectively. For the lipid component, fengycins exhibit a β-hydroxy fatty acyl moiety at the N-terminus with a chain length of 14-17 carbon atoms that can be saturated or unsaturated (Vanittanakom et al. 1986) . Characteristic ions corresponding to the lactone ring (loss of [fatty acid-L-Glu-D-Orn]) and the lactone ring with D-Orn (loss of [fatty acid-L-Glu]) serve as fingerprint fragments that indicate the identity of the fengycins. For fengycin A, these fragments are 1080 and 966 m/z, respectively, while for fengycin B, the fragments are 1108 and 994 m/z, respectively ( Fig. 4A and B) . MALDI-TOF MS/MS fragmentation of the peaks at 1435.8 and 1449.8 m/z showed the 1080 and 966 m/z fragments, which confirmed that both lipopeptides are fengycin A homologs ( Fig. 4D and E) . Other fragmentation patterns that include internal cleavages on the lactone ring were analyzed by nano-LC MS/MS sequencing (data not shown), which further supported the identities of these lipopeptides. MS/MS fragmentation of the peak at 1463.8 m/z showed that the peak corresponds to a fengycin A lipopeptide with C 16 lipid tail, and a fengycin B lipopeptide with a C 14 lipid tail, since both sets of fingerprint fragments for fengycin A (1080 and 966 m/z) and fengycin B (1108 and 994 m/z) were observed (Fig. 4F) . The purification and identification of the fengycin lipopeptides from B. amyloliquefaciens ssp. plantarum F11 confirmed that the fengycin gene clusters detected in the assembled genome sequence are functional. The yield of crude biosurfactant (including fengycins) produced by F11 strain was 0.633 g/L after 40 h of cultivation in MH broth at 27
• C with shaking at 200 rpm. Future work may be directed towards optimizing media components and culture conditions, and/or genome shuffling to increase the production level of fengycins for possible industrial applications.
In conclusion, this study described the isolation, characterization and genome sequencing of strain F11, belonging to the species B. amyloliquefaciens ssp. plantarum. This strain was shown to produce biosurfactants, as well as metabolites that are active against Gram-positive and Gram-negative bacteria, and fungi. Genome sequence analysis showed that B. amyloliquefaciens ssp. plantarum F11 could serve as a promising source of surface-active compounds and antimicrobial agents. Among the genome-encoded secondary metabolites are fengycin lipopeptides, which we have isolated and purified, thereby demonstrating the functionality of the associated gene clusters. With the availability of the genome sequence of B. amyloliquefaciens ssp. plantarum F11, future investigations on the other putative bioactive compounds encoded in its genome may be pursued.
